Background: Paraoxonase (PON1) associated with HDL can be regarded as a cardio-and vasoprotective enzyme. However, because HDL is not a homogeneous fraction, it is important to investigate in which subgroups of HDL active PON1 is located. It would also be useful to determine density profiles of the HDL apolipoproteins (Apo) E and J. Methods: We investigated the density range of HDL ( ‫؍‬ 1.063-1.256 kg/L) in healthy individuals, using the ultracentrifugation reference method and a newly introduced automated fractionation method. Profiles of PON1 activity and ApoA-I, ApoA-II, ApoE, ApoJ, and cholesterol concentrations were obtained by use of various density gradients. Results: PON1 activity was highest in the more dense HDL 3 and VHDL fractions where PON1 was not dissociated from the particles during centrifugation. The fraction in density range 1.175-1.185 kg/L showed not only the highest PON1 activity, but also the highest specific activity (activity per HDL particle). This fraction was the least-dense fraction containing both ApoE and ApoJ. Only the Q192R polymorphism had an effect on the distribution profile of PON1 activity. In contrast, L55M and the T(؊107)C polymorphisms (determined by a novel nonradioactive method) were without effect on the density distribution of PON1 activity. Conclusion: The HDL 3 fraction, which is important in reverse cholesterol transport, also carries the highest PON1 activity.
Human serum paraoxonase (PON1; 3 EC 3.1.1.2 and EC 3.1.1.8) hydrolyzes numerous organophosphates and lipid oxides (1 ) , and calcium is an essential cofactor for its activity and stability (2 ) . Currently, there are three known independent polymorphisms of the enzyme: Q192R, L55M (3 ), and T(Ϫ107)C (4 ) .
The distribution of PON1 activity within HDL has been investigated by four separate research groups. PON1 was initially assumed to be located in HDL 2 (arylesterase activity without eserin but with EDTA) (5, 6 ) and later in HDL 3 (7 ) , but these investigators provided no detailed information on the centrifugation procedure or on the distribution profile of PON1 in HDL subfractions. Other studies led to the postulate that PON1 activity measurement was suitable for quantification of HDL 3 , but this was confirmed only on the basis of polyethylene glycol precipitation (8, 9 ) .
Despite these studies, opinion on the location of PON1 within the HDL density classes is still equivocal, and it is apparent that the VHDL fraction ( ϭ 1.216 -1.256 kg/L) must also be taken into consideration. The objective of this study was therefore to determine those HDL subspecies [using the family concept of Alaupovic et al. (10 ) ] that contain active paraoxonase and to analyze the apolipoprotein composition. An additional objective was to examine the possibility that the distribution of PON1 activity within the HDL subfractions is dependent on PON1 polymorphisms.
Materials and Methods samples
A pool of 245 individuals was available for study, and these were confirmed to be healthy by clinical examination. Serum for ultracentrifugation analysis was obtained from a subgroup of 49 individuals (20% women). The median age of this group was 36 years; median body mass index was 24.5 kg/m 2 ; and median blood pressure was 126/70 mmHg. All individuals were normolipidemic and taking no medications. A total of 39% were smokers with 22% smoking Ն10 pack-years (maximum of 52 packyears); 29% consumed Ն15 g/day alcohol (maximum, 40 g/day).
EDTA tubes were used for sample collection for the lipid and PCR measurements and serum tubes (both purchased from Sarstedt) for samples used in the ultracentrifugation analysis. All samples were centrifuged immediately (2880g for 10 min), and the components were deep-frozen (Ϫ80°C). After thawing, all measurements were completed within 57 h because of the instability of apolipoprotein E (ApoE) in the presence of the density gradient solution used. pon1 activity PON1 activity was determined by use of phenylacetate as substrate (11 ) . In contrast to the original procedure, buffer solution without substrate was used for dilution instead of water. The interassay CV over 2 months was 8.2% (n ϭ 112; mean concentration, 0.6 U/mL based on measurement of a 1:101 dilution). The PON1 activity was not significantly influenced by the phosphotungstic acid (PTA)/MgCl 2 precipitation (described in the section on ultracentrifugation).
kinetic nephelometry
ApoA-I and ApoB were quantified on a Beckmann protein array system according to the instructions of the manufacturer and using the reagents supplied by the manufacturer. ApoA-II was determined on the same system with N-antiserum against human ApoA-II from Dade-Behring (polyclonal; prod. no. OQBA) and suitable standards and controls (prod. nos. OUPG and OUPH; Dade-Behring).
elisa
ApoE and ApoJ were measured by noncompetitive sandwich ELISA with polyclonal antibodies from DPC Biermann. As capture antibody for ApoE, we used anti-hApoE (prod. no. BP275; rabbit) diluted 1:2001 in 0.2 mol/L carbonate buffer (pH 10), and as detector for ApoE, we used anti-h-ApoE conjugated with biotin (prod. no. 50BG-G1-3a; goat) diluted 1:10001 in Dulbecco phosphate-buffered saline containing 0.5 mL/L Tween 20 and 10 g/L bovine serum albumin (Roth). As capture antibody for ApoJ, we used anti-h-ApoJ (prod. no. R1037P; goat) diluted 1:2001 in 0.2 mol/L carbonate buffer (pH 10), and as detector for ApoJ, we used anti-h-ApoJ (prod. no. R1037P; goat), conjugated with biotin by means of B-TAG (Sigma), diluted 1:2001 in Dulbecco phosphate-buffered saline containing 0.5 mL/L Tween 20 and 10 g/L goat serum albumin (Sigma). The incubation times, with the exception of the binding of the capture antibodies at the plate surface (overnight), were 2 h at room temperature. The detection limit of the ApoE-ApoE ELISA was 60 pmol/L, and that of the ApoJ-ApoJ ELISA was 2 nmol/L. All measurements were carried out in duplicate. The interassay CVs were 5% and 11% for the ApoE-ApoE ELISA and the ApoJ-ApoJ ELISA, respectively (n ϭ 62 for both mean concentrations, 13 nmol/L for the ApoE-ApoE and 81 nmol/L for ApoJ-ApoJ ELISA, respectively).
ultracentrifugation
Before centrifugation, the lipoproteins containing ApoB were precipitated by use of PTA/MgCl 2 (12 ) . The correctness of the PTA/MgCl 2 precipitation in this study was verified by means of sequential flotation (data not shown). The density of the samples ( ϭ 1.0285 kg/L after precipitation, higher than that of native serum) was increased by the addition of degassed solutions (NaCl/ NaBr) of defined density ( 
computer-controlled fractionated suction
We developed a new procedure for emptying tubes after ultracentrifugation that provided high reproducibility. This involved placing a cannula (Hamilton needle) centrally at the fluid surface and removing discrete volumes from the contents of the tube by suction through the needle. The tip of the needle was continually lowered so that it remained in contact but not below the lowering fluid surface to minimize turbulence. The contact between needle and fluid was maintained only by forces of surface tension, i.e., by the wetability of the needle tip in the fluid. A new circular meniscus around the needle was formed where the tip of the needle was always at the highest point in the center of this meniscus. Exact control over this step was achieved by use of a programmable pipetting robot (Lissy; Zinsser Analytic; with WinLissy 4.5 software). The conditions for collecting the nine 420-L fractions were as follows: volume flow, 70 L/s for aspiration and 150 L/s for output; needle speed, 23.8 mm/s during liquid detection and 47.7 mm/s during withdrawal; 20 L of system air and 20 L transport air; delay before aspiration, 0.2 s. Teflon-coated needles were used, and the system fluid was degassed doubly distilled water. A delay before aspiration was necessary so that the tip of the needle could be brought to the start position before the subsequent lowering process.
genotyping PON1 192 and PON1 55 genotypes were determined by PCR in an Eppendorf Thermal Cycler followed by restriction enzyme analysis. We added 0.1 g of DNA to each PCR reaction mixture containing 60 pmol of oligonucleotide primers, 62.5 mM KCl, 12.5 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 50 M each deoxynucleotide triphosphate, and 1.5 U of Taq DNA polymerase (Amersham Pharmacia Biotech) in a final volume of 50 L. Primer sequences and the use of the restriction enzymes have been described by Humbert et al. (3 ) .
The T(Ϫ107)C polymorphism was determined by use of the amplification refractory mutation system (ARMS). We used two external primers, PONpromotorA (5Ј-GACGCAAGGACCGGGATGGCACAAAGTGAGTG-3Ј) and PONpromotorB (5Ј-TGGGCGCAGACACCGACGG-GCTAGGAGGCTCT-3Ј), and two 5Ј internal allele-specific primers, PONpromotor Ϫ107C (5Ј-attgTAGCTG-CGGACCCGGCGGGGAGGAGC-3Ј) and PONpromotor Ϫ107T (5Ј-attgTAGCTGCGGACCCGGCGGGGAGGAGT-3Ј), to distinguish between the T and C alleles at position Ϫ107. The internal primers included a deliberate mismatch three bases upstream of the 3Ј end (G3 A; underlined) to reduce nonspecific binding of 3Ј-noncomplementary primers. We also synthesized both internal primers with a 5Ј overhang (attg) to omit reverse (3Ј35Ј) chain elongation. The amplification protocol consisted of the standard reaction mixture described above plus 100 mL/L dimethyl sulfoxide. The external 5Ј and 3Ј primers and one internal primer (30 pmol each) were added to each reaction mixture, and 30 cycles were performed at 94°C for 30 s, 64°C for 30 s, and 72°C for 1 min with a final extension at 72°C for 6 min. PCR fragments were analyzed on 2% agarose gels.
Results fractionation
There are two common procedures in use for fractionating the contents of tubes after centrifugation. These are the readily reproducible slicing technique, which provides only two fractions and is time-consuming, and the expulsion method, which depends on the use of heavy fluorohydrocarbons such as FC70. With the latter method, small fractions with acceptable reproducibility can be obtained only with considerable difficulty. In contrast, the procedure we developed enables the rapid (eight tubes in Ͻ30 min) isolation of small fractions (down to 250 L) with high reproducibility (CV Ϸ2%). The overall interassay CV (including PTA/MgCl 2 precipitation, preparation of single and mixed density solutions, centrifugation, fractionation, and cholesterol determination) was 8.9%.
filling density 1.1377 kg/L We attempted to obtain HDL 2 as a uniform fraction within the spectrum (see Fig. 1 ). The scaling of the ordinate was based on relative values (%) because absolute values for PON1 activity and apolipoprotein concentrations within the density gradient were dependent on the initial quantities present. ApoA-I (Fig. 1, Ⅺ) and cholesterol ( Fig. 1, E) showed the anticipated distribution patterns with a common lowest point at ϭ 1.125 kg/L. The distribution of PON1 activity (Fig. 1, F ) differed because an increase was discernible only at densities Ͼ1.145 kg/L. The decrease in the last fraction was associated with ApoA-I, and active PON1 was not present in the serum protein fraction (sediment). We measured no significant PON1 activity in the solubilized sediment. The HDL 3 fraction contained 25 times more PON1 activity than the HDL 2 fraction. The ratio of PON1 activity to ApoA-I (Fig. 1, ‚) , expressed as activity/amount of apolipoprotein (U/nmol), in the less dense fractions was proportional to PON1 activity, but in the last fraction, where both values decreased, the ratio increased.
flotation of hdl 3 and vhdl
Centrifugations were carried out at high densities ( ϭ 1.216 and 1.256 kg/L) to check whether the distribution patterns obtained were attributable to separation of active PON1 from HDL. For this purpose, HDL 2 was removed by ultracentrifugation using the slicing technique (12 ) , and the bottom fraction was centrifuged at a density of either 1.216 or 1.256 kg/L. ApoA-I and cholesterol floated completely at ϭ 1.216 kg/L, but the percentage of active PON1 was relatively constant (12%) over the density range used. In contrast, flotation experiments with VHDL ( ϭ 1.256 kg/L) showed that this fraction contained all of the PON1 activity as well as all of the ApoA-I and all of the cholesterol (Fig. 2) . The mean recovery of PON1 after two centrifugations was 87.5% (n ϭ 5).
filling density 1.16 kg/L ApoA-I (Fig. 3, Ⅺ) was distributed evenly across the density range investigated with percentages between 6.5% and 16%. The highest percentage was observed in the density range 1.063-1.1366 kg/L. Because all of the HDL was centrifuged, this corresponds to the first fraction, with a mean density of 1.1335 kg/L, containing HDL 2 as well as the less dense HDL 3 . It was notable that the lowest point (6.5%) in the ApoA-I distribution was at approximately ϭ 1.1675 kg/L. In contrast, ApoA-II was unevenly distributed (Fig. 3, ) . In fractions with a density Ͼ1.158 kg/L, the percentage of ApoA-II was much lower than that of ApoA-I. In the most dense HDL 3 fraction ( ϭ 1.1907 kg/L), Ͻ5% of ApoA-II was present, whereas the highest percentage (Ͼ20%) was observed in the least dense fraction ( ϭ 1.1335 kg/L).
The distribution of the other HDL proteins (ApoE, ApoJ, and PON1) differed markedly from the apolipoproteins described above (Fig. 4) . All three occurred only in those fractions in which ApoA-II was present in small amounts. The percentage of ApoE (Fig. 4, f) increased only above a density of 1.1675 kg/L and then reached a plateau. Only traces were detectable in the less dense fractions ( Ͻ1.1675 kg/L). More than 99% of the ApoJ in HDL (Fig. 4, छ) was found in the last two fractions.
The distribution of PON1 activity (Fig. 4, F) increased at ϭ 1.16 kg/L, i.e., earlier than in the case of ApoE, and the activity reached its maximum at ϭ 1.18 kg/L. Only 18% of the total PON1 activity was found in the less dense region, i.e., before commencement of the increase in activity. A notable feature of the various distribution patterns was an inverse relationship between PON1 activity and the concentration of ApoJ.
relationship of pon1 activity to genetic factors
The gene frequencies according to Hardy-Weinberg within the group under investigation were as follows: Q192, 72% (n ϭ 245); L55, 66% (n ϭ 158); and T(Ϫ107), 44% (n ϭ 239). With regard to the distribution in the density gradient, neither L55M nor the nature of the promoter polymorphism had an effect on the distribution pattern. On the other hand, the proportion of activity in the homozygous R192 carriers (Fig. 5, ࡗ) was only 43% of that of the wild-type allele (Fig. 5, ‚) in the fractions with densities of 1.063-1.16 kg/L and was 25% higher than the wild-type allele in the fraction with the highest PON1 activity (P ϭ 0.002, Student t-test).
distribution of the molar apolipoprotein ratios
The percentage of ApoA-IV amounts to only one-tenth of that of the ApoA-II (13 ) and can be neglected. Lipoprotein (LP) A-II:A-II particles present in the HDL range are relatively rare (14 ) . It was therefore assumed that HDL contains mainly Lp A-I:A-I and Lp A-I:A-II particles. The error bars indicate the interindividual mean variation. The density ranges of the first and the last fraction are the same as in Fig. 3 .
From the progression of the curve for the molar ratio of ApoA-I and ApoA-II (Fig. 6, ࡗ) , conclusions could be drawn both with regard to the particle composition and the number of HDL particles. The ratio of the more complex Lp A-I:A-II particles to the simpler Lp A-I:A-I particles decreased with increasing density. In the range of HDL 2 and the less dense HDL 3 ( Ͻ1.1515 kg/L), the ratio was still 2:1. The equimolar ratio was reached at ϭ 1.160 kg/L, and in the fraction with the highest PON1 activity approximately three Lp A-I:A-I particles were present for every Lp A-I:A-II particle. In this section of the HDL 3 , the proportion of Lp A-I:A-I particles had increased by a factor of 6, whereas in the last fraction, that with the most dense HDL 3 and VHDL, it returned to 2:3.
profile of the ratio of pon1 activity to apolipoprotein amount for ApoA-I, ApoA-II, ApoE, and ApoJ PON1 activity reached a maximum at a density of 1.18 kg/L, and this coincided with the maximum value (38%) for the total PON1 activity per unit of ApoA-I (Fig. 6) . Compared with the PON1/ApoA-I distribution pattern, that of PON1/ApoA-II showed a narrower peak (data not shown). On the basis of our findings in this study, we could express PON1 activity as units of PON1 activity per HDL particle. In the HDL fraction with the highest PON1 activity, the ratio was 14 units/nmol of HDL particle, and in the last fraction, the activity was 7 units/particle. In the less dense HDL 3 fractions ( Ͻ1.158 kg/L), the activity per particle was Ͻ1 unit. The fraction with the highest PON1 activity thus showed the highest specific activity per particle.
The profile of PON1 activity per nmol of ApoE (Fig. 6 , OE) differed markedly from the profiles for PON1 activity and ApoE concentration. The highest point (20%) lay not at the end of the density spectrum, but shortly after the middle (at ϭ 1.1675 kg/L). Values for PON1 activity per nmol of ApoJ are not shown because only the last two fractions had detectable concentrations of ApoJ. The fraction with the highest PON1 activity overall had a 10-fold higher PON1 activity than the fraction with the highest ApoJ content.
Discussion
In this study, HDL fractions were separated in the density range ϭ 1.063-1.256 kg/L. Even when HDL 2 was obtained as an isolated fraction, PON1 activity in HDL 2 was only 1/25th of that in HDL 3 and VHDL. These initial investigations confirmed the results reported by Graham et al. (7 ) . There was, however, a fraction of HDL 3 ( ϭ 1.125-1.145 kg/L) that, like HDL 2 , contained low PON1 activity, indicating that the higher the density of the fraction, the higher the PON1 activity.
The influence of storage conditions on the ratio of the PON1 activity in HDL 2 and HDL 3 was considerable. Repeated freezing increased the value from 1:25 to 1:200, but the overall activity did not change noticeably, as described previously by . The change was apparently caused by a decrease in PON1 activity in HDL 2 during storage.
Investigations on the floating characteristics of HDL 3 and VHDL in solutions of various densities demonstrated that active PON1 floated only when VHDL ( ϭ 1.256 kg/L) was brought to flotation and not with the main portion of ApoA-I of HDL 3 . In the density range for HDL 3 , there was no correlation between PON1 activity and the concentration of ApoA-I, although PON1 is generally associated with ApoA-I. The investigations also showed that PON1 activity is not dissociated from the particles. The loss in activity after two centrifugations averaged 12.5% (n ϭ 5). Because the serum protein fraction is free of PON1 activity, we could not confirm the Fig. 5 . Relationship between the density distributions of PON1 activity and Q192R polymorphism (filling density, ϭ 1.1600 kg/L; centrifugation for 22 h at 240 000g).
The error bars indicate the interindividual mean variation. The density ranges of the first and the last fraction are the same as in Fig. 3 . Fig. 6 . Density distributions of the molar ApoA-I/ApoA-II ratio and the PON1 activity per nmol of ApoA-I and ApoE (filling density ϭ 1.1600 kg/L; centrifugation for 22 h at 240 000g).
The error bars indicate the interindividual mean variation. The density ranges of the first and the last fraction are the same as in Fig. 3 .
Clinical Chemistry 50, No. 12, 2004 conclusion of Forte et al. (16 ) showing that ultracentrifugation separates considerable amounts of PON1 activity from HDL, and this difference may be attributable to the higher centrifugation forces. According to Sorenson et al. (17 ) , binding to HDL is not essential for PON1 activity but, it must be kept in mind, that separation from the particles does occur when sufficiently high forces are applied over a prolonged period (e.g., 66 h of centrifugation using SW rotors). In combination with a PTA/MgCl 2 precipitation, centrifugation at ϭ 1.256 kg/L offers practical advantages because it is possible to concentrate PON1 by a factor of 8 and eliminate all plasma proteins except for the HDL proteins. In this case, removal of the fractions can be carried out by hand, using a syringe.
The search for the fraction with the highest PON1 activity involved centrifugation at ϭ 1.1600 kg/L, where the high percentage of cholesterol and ApoA-I in the first fractions are attributable to compression of the less dense fractions (HDL 2 ), and at this filling density, the fraction with a density of 1.18 kg/L can be isolated. The other HDL apolipoproteins in this fraction were also measured to evaluate the HDL particles. The distribution of the molar ApoA-I/ApoA-II quotients (Fig. 6) resembles that for the distribution of PON1 activity (Fig. 4) , and we therefore concluded that PON1-active particles can characterized by their lower ApoA-II content. In the fraction with the highest PON1 activity, not only was the ApoA-II content at its lowest, but the occurrence of Lp A-I:A-II was at a minimum.
A "stripping effect" can lead to lipid-free ApoE, but in our studies all ApoE remained bound to HDL because no ApoE was detectable in the albumin fraction. Both ApoE and ApoJ can be considered as apolipoproteins associated with the most dense HDL 3 and VHDL particles. Because of the drop in the curve of PON1 activity per ApoE (Fig.  6 ) in the density range higher than ϭ 1.175 kg/L, it can be concluded that the HDL fractions containing active PON1 float on those containing ApoE.
The ApoJ/PON1 (activity determined by use of paraoxon) ratio has been reported to be more suitable for predicting the occurrence of atherosclerosis than the cholesterol/HDL-cholesterol ratio (18 ) . However, not all HDL particles containing paraoxonase activity contained ApoJ. The fractions with the highest PON1 activity contained only one tenth of the total HDL-ApoJ, and the fraction of HDL richest in ApoJ had only ϳ15% of the total PON1 activity. The ApoJ/PON1 activity ratio is based on the presence of the two proteins in the same particle or in different particles. The basis of this ratio is therefore empirical, but this does not impinge on its diagnostic accuracy.
The Q192 allele showed a wider distribution in the density profile. This was surprising because it had been suspected that only the L55M polymorphism could have an effect on the distribution of PON1 activity (4 ) . The L55M polymorphism, however, had no effect on the distribution of PON1 activity, but it must be pointed out that the view that only the L55M polymorphism can influence stability is based on the observation of Leviev et al. (4 ) , who found a relationship between PON1 activity and the L55M polymorphism. Therefore, the conclusion that this polymorphism has a positive effect on the stability of the enzyme appears incorrect. A change of 25% in the distribution in the density range indicated a different stability for the Q192R polymorphism, and this could imply that the "highly active" allele (R192) can be inhibited in vivo more readily. Moreover, the observation that the distribution of PON1 activity at various densities is not dependent on the promoter polymorphism was to be expected because the polymorphism determines only the amount of enzyme.
In summary:
• The activity of PON1 was highest in the more dense HDL 3 and VHDL, although the maximum activity occurred in the fraction with density ϭ 1.18 kg/L. • ApoA-II is a protein present in HDL 2 and the less dense HDL 3 . The total content (Ͻ 5%) was as low as cholesterol in the most dense HDL 3 .
• ApoE was a component only of the more dense HDL 3 .
In this fraction, only 1 in every 12 HDL particles carried an ApoE.
• ApoJ occurred only in HDL samples having the highest density and containing the largest amount of protein.
In this fraction, only 1 in every 42 HDL particles carried an ApoJ.
